Abstract The effects of changing the intracellular Ca concentration ([Ca]1) on the calcium current (iCa) were studied in isolated single ventricular cells of the guinea-pig. [Ca], was varied by an intracellular perfusion technique using a suction pipette. 1Ca measured from internally perfused cells at a pCa lower than 9.0 was dependent on the extracellular Ca concentration ([Ca]0). Increasing [Ca]0 from 1.8 to 5.4 mM increased the amplitude of iCa, and reduction of [Ca]0 from 1.8 to 0.01 mM decreased the amplitude. The inactivation time course of iCa became faster as [Ca] 0 was increased and slower as [Ca] 0 was reduced. By decreasing the pCa of the internal perfusate from 9.0 to 6.8, the amplitude of iCa was decreased markedly, but no significant change was observed in its time course. Analysis of the I V curve led to the conclusion that a change in the driving force was not a major factor in the reduction of iCa. The "steady state inactivation" of iCa was measured by a double-pulse method. The amplitude of 'Ca elicited by the test pulse was smaller at pCa 7.4 than at pCa 9.0 at potentials of between -27 and +33 mV . By normalizing the iCa amplitude, however, the "steady state inactivation" curve in the control and at high [Ca] 1 overlapped. Similar results were obtained in Sr-Tyrode solution. The degree of "steady state inactivation" of iCa at the potentials positive to + 10 mV was larger in Ca-Tyrode than in Sr-Tyrode solution. It is proposed that the reduction in amplitude of iCa at higher [Ca]1 is caused by a reduction of the maximum conductance of iCa (gCa) and that Ca ions passing through iCa channels have a remarkable effect on its inactivation.
The effect of intracellular Ca ions on the calcium current ('Ca) is of increasing interest, since in cardiac tissues, the intracellular Ca concentration ([Ca]1) fluctuates under physiological and pathological conditions. [Ca]1 increases about twofold in normal twitch contraction (FABIATO, 1981) , and has been suggested to increase in the positive staircase phenomenon (CHAPMAN and NIEDERGERKE, 1970) or by digitalis application (MARBAN and TSIEN, 1982) . However, the question of how intracellular Ca ions affect iCa still remains controversial, in spite of its vital importance.
On the one hand, increasing [Ca] 1 by injecting Ca intracellularly in Purkinje fibers has been found to cause an increase in the amplitude of Ca (ISENBERG, 1977) . Concomitant with this result, an increase in [Ca] 1 is always associated with an increase in iCa during positive inotropy. Digitalis increases iCa in ventricular (MARBAN and TSIEN, 1982) and in Purkinje fibers (EISNER and LEDERER, 1982; MARBAN and TSIEN, 1982) . During the positive staircase phenomenon, iCa is also increased (BROWN et al., 1981b; NOBLE and SHIMONI, 1981) . On the other hand, these findings apparently contradict the depressive action of increased [Ca] 1 on 'Ca (TRAUTWEIN et al., 1982) . Such a decrease in iCa by increasing [Ca] , could be explained by Ca-mediated inactivation of iCa (BREHM and ECKERT, 1978; TILLOTSON, 1979; STANFIELD, 1980, 1982; BREHM et al., 1980; BROWN et al., 1981b; ECKERT and TILLOTSON, 1981) . Actually, this mechanism has also been suggested in cardiac muscles (BROWN et al., 1981b; FISCHMEISTER et al., 1981; MARBAN and TSIEN, 1981) .
In order to clarify the discrepancy, we studied the effects of various [Ca] 1 by applying the suction pipette technique. In a preceding report (IRISAWA and KoKUBUN,1983) , we demonstrated that the single ventricular cell can be internally perfused without attenuating iCa. This paper reports voltage clamp analysis of iCa in internally perfused, isolated single ventricular cells of the guinea-pig. We found that increasing [Ca] , within the physiological range depressed iCa, and the inactivation was strongly affected by Ca ions passing through the 'Ca channels.
MATERIALS AND METHODS
Guinea-pigs weighing 0.4 to 0.6 kg were used. The methods of isolating the ventricular cells and of recording the membrane potential as well as the current were similar to those described previously (IRISAWA and KOKUBUN, 1983) . The solution inside the pipette (control internal solution) contained (in mM) K aspartate 130, EGTA 5, ATP 3, cAMP 0.03, glucose 5.5, and HEPES 10. ATP and cAMP were found to be essential in recording a stable iCa from the single cells for more than 20 min. The composition of the control Tyrode solution (Ca-Tyrode solution) was (in mM) NaCI 136.5, KCl 10.8, CaC12 1.8, MgCl2 0.53, NaHC03 11.9, ether)-N,N'-tetra-acetic acid (EGTA)-Ca buffer was used to obtain the desired [Ca] in the internal solution, [Ca] was calculated according to the stability constants for CaEGTA, CaATP, MgEGTA, and MgATP as calculated by FABIATo and FABIATO (1975) . The [Ca] in the control internal solution was less than pCa 9. CaCl2 was simply added to the control Tyrode solution when the [Ca] ,, was increased to 5.4 mM. Tyrode solution containing 0.01 mM Ca was prepared by mixing the control Tyrode solution with nominally Ca-free Tyrode solution. In Figs. 4 and 5, the CaCl2 in the Tyrode solution was substituted by isomolar SrC12 (Sr-Tyrode solution).
Holding potentials between -35 and -27 mV were chosen to inactivate the Na current (iNa). Since the time-dependent outward current was not observed in the internally perfused cells as reported previously (IRIsAwA and KoKUBUN, 1983) , the amplitude and the time course of iCa were measured without any treatment to block the K current. The time constant of the iCa inactivation was estimated from a semilogarithmic plot of iCa. The asymptotic current level was selected arbitrarily.
The "steady state inactivation" was measured by double-pulse experiments. The membrane potential was clamped at conditioning potentials for 155 msec (PI) from the holding potential of -27 mV by +10 mV steps. After an interval of 1 msec at the holding potential, the test pulse was applied to + 8 mV for 150 msec (PII). Although an interval of 1 msec is short, it is long enough to avoid overlap from a capacitive surge at the end of PI on iCa elicited by PII. In this experiment, the amplitude of iCa at PIT was estimated from the difference between the peak inward current and the current level at the end of the pulse. Since inactivation was not detected at potentials negative to -30 mV, these values may not be equivalent to f. as defined by BEELER and REUTER (1977) , and we therefore denoted them as f,. To obtain a better understanding of the relationship between the inactivation of 'Ca and [Ca]1, we varied [Ca]1 by increasing [Ca] in the internal solution. iCa did not show obvious changes when the [Ca] in the internal solution was increased from pCa 9.0 to pCa 7.4. Upon increasing [Ca] to pCa 7.4-7.0, the amplitude of iCa decreased to about 80 % of the control (data not illustrated). In 4 out of 20 experiments, 'Ca was almost restored to the original amplitude by reperfusing the control internal solution. However, in other cases, the cells deteriorated and the amplitude of 'Ca did not fully recover. In Fig. 2A , the [Ca] in the internal solution was increased from pCa 9.0 to 6.8. The amplitude of iCa measured from the difference between the holding current level and the peak decreased from 2.4 to 0.4 nA within 4 min of perfusion with pCa 6.8 solution.
To investigate the effect of high [Ca] , on the kinetics of 'Ca, the current was plotted on a semilogarithmic scale (Fig. 2B) . Increasing [Ca]1 only slightly increased the time constant of inactivation of both the fast (3.9 to 4.7 msec) and slow (26.8 to 31.1 msec) components. The amplitude of the fast component decreased from -1.0 to -0.2 nA, while that of the slow component changed from -1 .7 to 0.8 nA. Even though the increase in the inactivation time constant somehow contributes to the change of amplitude, this slight increase could not explain the decrease in 'Ca. The change in the kinetics is thus unlikely to contribute to the reduction of iCa.
To determine whether the decrease in 'Ca by increasing [Ca] 1 is related to a decrease in the driving force, its amplitude was plotted against the membrane potential (Fig. 2C) . The amplitude of 'Ca was decreased by 66% of the control at + 10 mV, which was far smaller than the value expected from a reduction of the driving force. Considering that the equilibrium potential for Ca2+ calculated from the Nernst equation is 191 mV at pCa 9.0, and is reduced to 124 mV at pCa 6.8, only a 37 % decrease in iCa might be caused by a decreased driving force.
Furthermore, if Na ions also pass through the Ca channel as suggested by REUTER and SCHOLZ (1977) , the decrease in the peak iCa should still be less than 37%. Not only a decreased driving force but some other mechanism must also contribute to the reduction of iCa. and/or reduction of the maximum conductance (gca). In order to establish which mechanism is responsible for the decrease, we studied the "steady state inactivation" curve (fc-membrane potential relation) for iCa. Figure 3A shows 'Ca elicited by the test pulse to +8 mV (PII) in the control and in high [Ca]1 after depolarization to --17, --7, and x-33 mV by the conditioning pulse (PI). In all potentials, the amplitude of 'Ca at high [Ca] , was smaller, but its time course was not significantly changed. The amplitude of 'Ca elicited by PII is plotted against the potentials of the conditioning depolarization (PI) in Fig. 3B . 'Ca was smallest at + 3 mV and increased progressively as the potential of PI became more positive to +3 mV (Fig. 3B ). Despite the difference in amplitude of 'Ca, the two curves revealed very similar patterns in the control and at high [Ca]1. To clarify the effect of high [Ca] , on the "steady state inactivation," the current amplitude is normalized and plotted in Fig. 3C . The fc curves are almost superimposable in both cases. The minimum value was 0.02 at + 3 Vol. 34, No. 4, 1984 4A and 5A). When [Ca] in the internal solution was increased from pCa 9 to 7.0, the amplitude of iCa decreased progressively until it reached a steady state within 3 min (Fig. 4A) . The inactivation time course of ica in Sr-Tyrode solution was not significantly affected by increasing [Ca]1, similar to the results in Ca-Tyrode solution.
The degree of inactivation in the control and at higher [Ca]1 was obtained by the method described above (Fig. 4B ). The fc, curves were almost superimposable, the minimum value being about 0.12 at 0 mV. The value became larger at more positive potentials, and at +70 mV reached about 0.8 in both conditions. Similar Vol. 34, No. 4, 1984 results were obtained in 3 other experiments. These findings strongly suggest that intracellular Ca ions do not affect the steady state inactivation but decrease gca, thus diminishing iCa. A typical change in the outward current by increasing [Ca] , is also shown in Fig. 4A . In 8 experiments in Ca-or Sr-Tyrode solutions, the time-independent outward current decreased in response to depolarization larger than +30 mV, when increasing [Ca]i.
Steady state inactivation of 'Ca in Ca-or Sr-Tyrode solutions
The "steady state inactivation" of iCa was suggested to be independent of [Ca]p. However, the inactivation time course was significantly affected by substituting the Ca ions in the Tyrode solution with Sr ions. This suggested that the inactivation kinetics are affected by the carrier ions through the Ca channels. In order to obtain further information on the mechanism underlying these phenomena, we compared the results of double-pulse experiments in Ca-Tyrode and Sr-Tyrode solutions. Figure 5A and B show the voltage clamp records before (A) and after (B) substitution of Ca by Sr. The time course of inactivation of ica became slower in the Sr-Tyrode solution. The amplitude of iCa at PII was the smallest at a PI potential of + 3 mV and it became larger at PI of + 53 mV in both A and B. In Fig. 5C , the iCa amplitude is normalized and plotted against the PI potential in both Ca-Tyrode and Sr-Tyrode. The descent of both curves had a very similar slope and reached the lowest value at between +3 and +13 mV in Ca-Tyrode solution and at + 3 mV in Sr-Tyrode solution. The rising phase, however, was steeper in the Sr-Tyrode solution than in the Ca-Tyrode solution. This difference was always observed, although the degree of decrease in inactivation varied widely among individual cells. This difference in f~ values could thus be attributed to the different cations passing Ca channels and it suggests that Ca ions may play a more effective role than Sr ions in accelerating the inactivation of 'Ca when they pass through the channels.
DISCUSSION
Our results indicate that the time course of inactivation of iCa became faster when its amplitude was increased by increasing [Ca] o. If Ca ions were replaced by Sr ions, the inactivation became slower and iCa was less inactivated, as already observed in many preparations (VEREECKE and CARMELIET, 1971; KOHLHARDT et al., 1973; BREHM and ECKERT, 1978; PLANT and STANDEN, 1981; ASHCROFT and STANFIELD, 1982) . Increasing [Ca] , decreased the current amplitude, which is in good agreement with the findings of TRAUTWEIN et al. (1982) and is similar to those for neurons (KOSTYUK and KRISHTAL, 1977; AKAIKE et al., 1978; PLANT et al., 1983) . There are four possible mechanisms which could cause the decrease in amplitude of ica : 1) decrease in driving force, 2) changes in kinetics, 3) changes in the "steady state inactivation," and 4) decrease of the maximum conductance. The decrease in the current amplitude was almost twice as large as would be expected from a decreased driving force. The kinetics and the steady state inactivation were not significantly affected by intracellular Ca ions. We suggest therefore that the reduction of iCa may be caused by a decrease in gCa.
Decrease in gCa upon increasing [Ca] 1 is in good accordance with the hypothesis of Ca-mediated inactivation of iCa. The U-shaped relationship between the degree of steady state inactivation and the membrane potential could be explained by this mechanism. The acceleration (deceleration) of the inactivation time course of iCa by increasing (decreasing) [Ca] ,, suggests the existence of such a mechanism in the ventricular cell. Moreover, divalent cations other than Ca ions are known to have a weaker effect on the inactivation of the channel than Ca ions (BREHM and ECKERT, 1978) , which is confirmed by substituting Sr2+ for Ca2+ in the experiment. The time course of inactivation of iCa became slower and ica was less inactivated in Sr-Tyrode solution.
In contrast to our observations, increasing iCa accompanied by an increase in [Ca]1 has been reported recently (ISENBERG, 1977; NOBLE and SHIMONI, 1981; MARBAN and TSIEN, 1982; EISNER and LEDERER, 1982) . In particular, MARBAN and TSIEN (1982) suggested that under certain condition the increase in [Ca]1 directly activates iCa in Purkinje fibers. In our experiments, however, we did not observe an increase in iCa at [Ca] , between pCa 7.4 and pCa 266.8. All our findings are in good agreement with the hypothesis of Ca-mediated inactivation.
The Ca-mediated inactivation of iCa has been extensively analyzed in neurons (KOSTYUK and KRISHTAL, 1977; AKAIKE et al., 1978; BREHM and ECKERT, 1978; ECKERT and TILLOTSON, 1981; PLANT et a!.,1983) and in insect muscle (AsHCROFT and STANFIELD, 1980) . It could be caused by Ca ions as they pass through the channel or it might depend on the binding of intracellular Ca ions at some site inside the membrane. In neurons, the inactivation time course of iCa becomes slower and its steady state inactivation decreases by perfusion of EGTA (BROWN et a!., 1981a) . It seems likely therefore that the binding site for Ca ions is located on the inside of the membrane, and that the inactivation of iCa is mediated via the intracellular Ca ions carried by iCa (PLANT et al., 1983) . In our experiments, the intracellular Ca ions did not affect the time course of inactivation and slightly affected the degree of "steady state inactivation," even though we employed a perfusion method similar to that used in neurons. These two variables were significantly affected only by varying [Ca]0 or substituting Sr ions for Ca ions. Our several lines of evidence suggest adequate perfusion of buffered Ca solution in the cell. For example, 1) we have invariably observed abolition of twitch by perfusing EGTA; 2) increasing [Ca] in the internal solution reduced ica; and, 3) perfusion of cAMP and ATP was effective in maintaining iCa (IRISAWA and KoKUBUN, 1983) . These results lead us to the conclusion that the Ca-mediated inactivation of iCa could be caused by either Ca ions affecting the channel as they
